Background. Blockade of the renin-angiotensinaldosterone system (RAAS) does not completely prevent progression of renal disease. Mineralocorticoid receptor blockade provides additional renoprotection over ACEinhibition monotherapy. We examined the mechanisms 
Introduction
Progressive renal fibrosis is the common final pathway of many kidney diseases [1, 2] . The renin-angiotensin system (RAS) plays an important role in this process and RAS blockade ameliorates progression of renal fibrosis. Besides the systemic RAS, local RAS operate independent of the systemic RAS [3, 4] in the kidney, i.e. in proximal tubular cells, podocytes and mesangial cells [5, 6] . In animal experiments, administration of an ACE inhibitor results in almost complete inhibition of systemic angiotensin II (ANG II) formation, while it has little or no effect on intrarenal ANG II production [7] . There is also evidence that ANG II can be produced by alternative enzymes such as chymases [8] that cannot be blocked by ACE inhibitor treatment and that alternative ANG II producing pathways are stimulated during systemic ACE inhibition [9] . These alternative pathways of intrarenal ANG II production may explain in part why even high doses of angiotensin-converting enzyme (ACE) inhibitors alone cannot completely prevent progressive renal damage. An alternative possibility is a progressivie increase in aldosterone production, presumably caused by non-ACE-dependent ANG II formation with subsequent induction of aldosterone synthesis [10] .
The role of aldosterone in the progression of renal disease has recently attracted considerable attention. There is evidence that aldosterone has direct effects on renal cells, independent of ANG II, which contribute to progression of renal disease [11, 12] . Hostetter and collegues showed that aldosterone directly upregulates expression of the profibrotic factor TGF-β 1 in the kidney [12] . Aldosterone also upregulates the expression of plasminogen activator inhibitor-1 (PAI-1) [13] , which would favour fibrosis in renal structures, and induces collagen IV synthesis of mesangial cells in vitro [14] as well as expression of connective tissue growth factor (CTGF) and endothelin-1 [14] . Conversely, however, in the classical rat remnant kidney model, aldosterone inhibition with spironolactone ameliorated proteinuria, but had no effect on glomerulosclerosis [15] .
In order to provide optimal renoprotection, a multidrug approach has been proposed as appropriate [16] , although this may be difficult to prove in controlled prospective studies [2, 17] . However, there is some clinical [18] evidence pointing in this direction and also some evidence in experimental renal damage models with proteinuria [19] [20] [21] .
In the current study, we compared in the renal ablation model the effects of monotherapy with an ACE inhibitor (quinapril), mineralocorticoid receptor blocker (spironolactone) and their combination with antihypertensive triple therapy without specific effects on the RAS as controls. The readouts were proteinuria, quantitative renal morphology and the expression of molecules relevant in progression.
Methods

Experimental design and operative procedures
Twenty-week old male Sprague-Dawley (SD) rats weighing 350-400 g were used (Charles River, Germany). All animals were housed under standard conditions (light on 08:00-20:00 h; 40-70% relative humidity, 22 ± 1 • C), and had free access to water and chow (Altromin standard diet, Lage, Germany). All procedures were in accordance with the guidelines of the German Institutional Animal Care and Use Committee. The animals were subjected randomly to subtotal nephrectomy (SNX) (n = 56) or sham operation (sham-op) (n = 12). The SNX animals were randomly divided into six groups: (1) sham-op, (2) SNX untreated (n = 12/group); (3) SNX + quinapril (SNX+Q) (n = 12/group); (4) SNX + spironolactone (SNX+S) (n = 12/group); (5) SNX + combination quinapril + spironolactone (SNX+Q+S) (n = 12/group); (6) SNX + hydrochlorothiazide + reserpin + hydralazine (SNX+HRH) (n = 8/group). Sham-op animals were observed as controls.
The quinapril dose (Quinapril-HCT Hexal, Hexal, Germany) was 50 mg/kg body weight/day, the Spironolactone dose (as water soluble potassium canrenoate Aldactone, Roche, Germany) 10 mg/kg body weight and antihypertensive triple therapy hydrochlorothiazide, reserpine and hydralazine were 1.25 mg/kg, 0.25 mg/kg and 4 mg/kg, respectively. All medications were dissolved and applied in drinking water adjusting the drug concentration according to fluid consumption. The untreated shamop and untretaed SNX received tap water. The duration of the experiment was 12 weeks. SNX was performed as described [22] . In brief, under isoflurane anaesthesia (Baxter, Germany), the animals were uninephrectomized, i.e. the right kidney was decapsulated and removed. One week later, two-third of the decapsulated left kidney was removed by resecting a specified amount of cortical tissue, leaving the pelvis and the hilus intact. Damage to the adrenals at decapsulation was carefully avoided. Tabotamp R (Ethicon, Switzerland) was used for haemostasis. The excised renal tissue was weighed on an analytic scale. In sham-op animals, the kidneys were only decapsulated.
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Functional measurements
Two and 3 months after surgery, 24-h urine was collected using metabolic cages (Tecniplast, Buguggiate, Italy). At the end of the study, tail-cuff blood pressure was measured in conscious animals by electrosphygmomanometry in conscious rats (TSE GmbH., Bad Homburg, Germany) [23] . Urinary albumin excretion was determined using a microplate sandwich ELISA [24] modified by using a rabbit anti-rat albumin peroxidase conjugate. Blood urea nitrogen and serum creatinine levels were evaluated in a Reflotron Plus laboratory machine with enzymatic reagents (Boehringer, Mannheim, Germany).
Tissue preparation
Retrograde perfusion fixation of the kidney with 3% glutaraldehyde was performed via the abdominal aorta [25] . The left remnants (or in sham-op animals the left kidneys) were harvested for morphometric and stereologic measurements. The kidneys were sectioned in a plane perpendicular to the interpolar axis, yielding slices of 1 mm width. Ten small pieces of the kidney were selected by area-weighted sampling and embedded in Epon-Araldite. Semithin (1 µm) sections were prepared and stained with methylene blue/basic fuchsine. The remaining tissue slices were embedded in paraffin; 4 µm sections were stained with haematoxylin/eosin (HE) and periodic acid-Schiff (PAS).
For immunohistochemical analysis, the experiment was repeated and terminated perfusing the kidney with ice-cold NaCl (n = 9/group). Onehalf of the saline-perfused kidneys were immersion fixed in 4% buffered formaldehyde, embedded in paraffin and cut into 4 µm thick sections, the other half were snap frozen in liquid nitrogen for real-time PCR analysis.
Morphological and stereological evaluation
All investigations were performed in a blinded manner, i.e. the observer was unaware of the study group the animal belonged to.
Glomerular damage indices.
The glomerulosclerosis index was assessed on PAS-stained paraffin sections according to the scoring system (scores: 0-4) of El Nahas et al. [26] . The glomerular score of each animal was derived as the arithmetic mean of 100 glomeruli using light microscopy and a magnification of ×400. The tubular, interstitial and vascular damage scores were assessed on PAS-stained paraffin sections using a similar scoring system (score 0-4) at a magnification of ×100 as described in detail elsewhere [27] .
Glomerular geometry. The area density of the glomerular tuft (A AT ) and the volume density of glomeruli (V V ) were measured by the point counting method with point density = area density = volume density (P P = A A = V V ) using a 100-point Zeiss eyepiece (Integration-plate II; Zeiss Co., Oberkochen, Germany) at a magnification of ×400 on the PAS sections. In addition, the number of glomeruli per area (N A ) was counted. For detailed description of analysis of glomerular geometry see [28] . Briefly, from the above data, the number of glomeruli per volume [
(corrected for tissue shrinkage: 45%) and total cortex volume was calculated from kidney mass (KW), specific weight of the kidney (SW K ) and volume density of the cortex according
. From these parameters, the total number of glomeruli was derived (N Glom = N V × V Cortex ). Finally, the mean glomerular tuft volume (mV Glom = (1/1.382) × A T 1.5 ) was calculated from the total area of the glomerular tuft and the cortex area (A T = A AT × A cortex ). The number of glomeruli (N Glom ) per kidney was used to estimate the extent of surgical nephron reduction, and the mean glomerular tuft volume (mV Glom ) was used to estimate the extent of glomerular enlargement. The glomerular mesangial matrix volume (V Matrix ) was calculated as the fractional mesangial matrix volume of the glomerular capillary tuft (points on the matrix/points on the whole glomerular tuft) and is given as percent.
Glomerular capillaries. In five semithin sections per animal, glomerular cell number and volume were analysed using an eyepiece for point counting (see above) at a magnification of ×1000 (oil immersion). Briefly, the length density of glomerular capillaries (L V : mm capillary/mm 3 glomerular tuft volume) was determined according to the standard stereologic formula (L V = 2Q A : the number of capillary transects per area of the capillary tuft). This parameter gives the average capillary length normalized to glomerular volume-excluding the effect of hypertrophy; thus it is a marker of glomerular capillary obliteration [28] . Furthermore, the glomerular capillary length for the whole kidney (L c ), i.e. total capillary length, was determined. The glomerular capillary tuft volume (V Tuft ) was calculated as the fractional capillary tuft volume of the whole glomerulus (points on the tuft/points on the whole glomerulus) and is given as percent. [29] .
Immunohistochemistry Paraffin sections were prepared and incubated with antibodies, using the avidin-biotin method [30] , to detect desmin (anti-desmin monoclonal mouse antibody, 1:50; DAKO), fibronectin (anti-fibronectin rabbit polyclonal antibody, 1:1000; Sigma, Germany), TGF-β 1 (anti-TGF-β 1 rabbit polyclonal antibody, 1:100; Santa Cruz) and collagen IV (anti-collagen IV rabbit polyclonal antibody, 1:40, Biotrend Chemicalien GmbH, Cologne, Germany). Immunohistochemical reactivity was examined with light microscopy at a magnification of ×400. Semiquantitative scoring (scores 0-4; 0: no staining, 1: weak, 2: mild, 3: strong, 4: very strong staining) was performed as described elsewhere [31] .
Real-time PCR
Total RNA was isolated from kidney tissue using the SV Total RNA Isolation System (Promega, Mannheim, Germany) according to the manufacturer's instructions. RNA concentration was determined photometrically.
Reverse transcription was performed with the First Strand cDNA Synthesis Kit (AMV) from Roche (Roche Diagnostics, Mannheim, Germany) using 1 µg RNA and random primers (final concentration: 3.2 µg).
All PCR reactions were performed on a LightCycler (Roche Diagnostics) using the LighCycler-Faststart DNA Master SYBR Green I Kit (Roche). The samples were quantified normalizing to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. Primer sequences for TGF-β 1 were as follows: forward 5 -CACCATCCATGACATGAACC-3 , reverse 5 -TCATGTTGGACAACTGCTCC-3 . Specificity of the PCR reaction was confirmed with melting curve analysis. Every sample was quantified using a gene-specific standard curve, and the mean value of three different PCR runs was taken for statistical evaluation.
Statistics
Data are presented as mean ± SD. ANOVA followed by the Tukey post hoc test and the Kruskal-Wallis test followed by Dunn's test were used to compare the groups.
Results
Animal data (Table 1) The average body weight was similar in all groups initially and at the end of the study. Although no pair-feeding protocol was used, measured food consumption and body weight gain were not different between the groups.
The weight of the remnant kidney in all SNX groups was greater than that of the left kidney in the sham group. Remnant kidney hypertrophy was reduced by quinapril and combination treatment (quinapril + spironolactone: Q+S), but not by spironolactone monotherapy or by triple therapy (hydrochlorothiazide + reserpin + hydralazine: HRH).
The reduction of haematocrit was not significantly affected by any of the treatments. At the end of the study, the Htk was similarly reduced in all treatment groups compared to sham-op. Blood urea and creatinine concentrations were significantly elevated in all SNX groups compared to sham-op. Q, Q+S and HRH reduced urea concentrations, but creatinine was significantly lower only in Q+S and HRH.
Albuminuria and blood pressure (Table 2)
In untreated SNX, albumin excretion increased progressively from 2 to 3 months after operation. At 2 months, albumin excretion was lower in the Q and HRH groups, but was lowest in the combination (Q+S) treatment group. At 3 months, albuminuria had doubled in SNX, but remained low in Q-, S-and HRH-treated animals. The Q+S combination lowered albuminuria more effectively than Q, S or HRH.
In SNX, blood pressure was elevated 3 months after operation compared to sham-op. Both Q+S and HRH combination therapies and Q monotherapy normalized blood pressure, whereas monotherapy with S was less effective.
Indices of renal damage (Figure 1, Table 3)
In SNX animals, the glomerulosclerosis index was reduced in all groups treated with Q; of note, combination treatment (Q+S) was more effective than Q monotherapy.
The tubulointerstitial damage index was lower in all treatment groups, but was lowest in rats on the combination Q+S.
The vascular damage index was lower in SNX animals treated with Q and Q+S, but not in animals treated with monotherapy or the HRH combination.
The glomerular mesangial matrix volume was increased 2.5 fold in untreated SNX compared to sham-op. All treatments (S, Q, S+Q, HRH) reduced mesangial matrix deposition, but the combination Q+S was the most effective.
Glomerulus geometry and glomerular capillaries (Table 4)
The reduction of the number of glomeruli by SNX was similar, documenting uniformity of the resection of renal parenchyma.
In all SNX groups, a compensatory increase in glomerular volume was present. Glomerular hypertrophy was significantly less in animals with Q and Q+S treatment. Treatment with S and HRH had no effect.
The length density of glomerular capillaries was significantly less in SNX reflecting capillary loss or obliteration as a result of glomerulosclerosis. Both Q and Q+S reduced capillary loss to a similar extent, but S monotherapy and HRH had no significant effect.
Cellular analysis of the glomeruli (Table 5)
The number of podocytes per glomerulus was markedly reduced in untreated SNX compared to sham, and podocyte volume increased strikingly. Compared to SNX alone, podocyte hypertrophy was reduced in all treatment groups. However, only the anti-renin-angiotensin-aldosterone system (RAAS) combination treatment (Q+S) was able to reduce podocyte volume to a level not significantly differing from sham-op controls. In SNX animals, podocyte loss was documented with a significant reduction in podocyte number compared to sham-op. Podocyte loss was reduced by monotherapies, and prevented by anti-RAAS combination treatment.
The number of endothelial cells were also strikingly higher in untreated SNX compared to sham-op. Endothelial cell proliferation was significantly reduced by quinapril and combination treatment, but not by spironolactone. Endothelial cell volume was not affected by SNX or therapy.
Similarly, mesangial cell number was significantly elevated in untreated SNX. Spironolactone and HRH treatment reduced mesangial proliferation. However, quinapril monotherapy was more effective than HRH, but only anti-RAAS combination treatment reduced mesangial proliferation to the level of sham-op animals. Mesangial cell volume was not significantly influenced by SNX.
Immunohistochemical and RT-PCR analysis (Tables 6 and 7)
Glomerular desmin staining, a marker of podocyte damage, was markedly more intense in untreated SNX compared to sham (Figure 2) . Only quinapril and anti-RAAS combination treatment reduced desmin staining significantly. But anti-RAAS combination treatment was the most effective to prevent podocyte damage.
Glomerular and the tubulointerstitial collagen IV staining was significantly more intense ( Figure 3) 
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Similarly, both glomerular and tubulointerstitial extracellular fibronectin deposition were significantly elevated in SNX animals compared to sham. Anti-RAAS combination treatment (Q+S) and Q monotherapy, but not spironolactone monotherapy or HRH, reduced the intensity of fibronectin staining.
TGF-β 1 protein staining (Figure 4 ) was reduced significantly only by quinapril and the anti-RAAS combination treatment Q+S and HRH. In the tubulointerstitial space, only the combination tretament Q+S was able to reduce TGF-β 1 staining. Spironolactone alone was ineffective in both compartments.
Accompanying deposition of fibrotic matrix, TGF-β 1 mRNA expression in whole kidney samples (Table 7) was markedly higher in SNX compared to sham. Only Sham (n = 9/group) 0.51 ± 0.08 SNX (n = 9/group) 1.12 ± 0.11 * SNX + Q (n = 9/group) 0.89 ± 0.15 SNX + S (n = 9/group) 1.04 ± 0.19 * SNX + Q + S (n = 9/group) 0.57 ± 0.29 # SNX + HRH (n = 9/group) nd Kruskal-Wallis P < 0.0001 * P < 0.05 versus sham, # P < 0.05 versus SNX, Kruskal-Wallis test. Q, quinapril; S, spironolactone; HRH, hydrochlorothiazide+reserpin+ hydralazine. Data as mean (mean expression relative to GAPDH) ± SD.
anti-RAAS combination treatment reduces TGF-β 1 mRNA expression significantly.
Discussion
This study in subtotally nephrectomized rats documents that despite similar blood pressure reduction, the combination of a mineralocorticoid receptor blocker and an ACE inhibitor caused more pronounced reduction of albuminuria compared to ACE inhibitor alone or antihypertensive triple therapy. In the background, combination therapy offered significantly better protection of podocytes.
Although blood pressure control by antihypertensive triple therapy without specific effects on the RAS reduced renal function impairment, monotherapies targeting the RAAS system were more effective, similarly to the wellestablished theory of superior renoprotection of RAAS inhibition over non-specific antihypertensive therapy [32, 33] .
Monotherapy with the mineralocorticoid receptor blocker caused some reduction of albuminuria and had a beneficial effect on podocyte number and volume, but the effect was less pronounced compared with that of ACE inhibition.
Because the anti-albuminuric effect of combination treatment with ACE inhibition and mineralocorticoid receptor blockade was more pronounced than that of the respective monotherapies, it is of note that the combination was associated with significantly less reduction of podocyte numbers, podocyte volume, podocyte damage and desmin staining.
Green et al. [15] were the first to study in the renal ablation model the renoprotective effect of spironolactone at high doses in monotherapy.
The present finding that addition of low doses of spironolactone to RAS blockade provides superior protection in the renal ablation model complements previous studies on the effect of such combination therapy in different renal damage models, such as the THY1-glomerulonephritis [19] , the Adriamycin nephrotic syndrome [20] and diabetic nephropathy [21, 34, 35] . The present study confirms these findings in a non-inflammatory renal damage model and extends the data by providing information on glomerular, interstitial and vascular damage indices, detailed immunohistochemical analysis as well as morphometric analysis of glomeruli and podocytes, specifically documenting less podocyte lesions.
The interest in additional mineralocorticoid receptor blockade in proteinuric patients with RAS blockade started with an observation on eight patients with proteinuria of different aetiologies who were already treated with an ACE inhibitor; the authors found that addition of a low-dose (25 mg/day) spironolactone caused dramatic lowering of proteinuria within 4 weeks [17] , which was not explained by changes of blood pressure.
More recently, it has been reported (18) on patients with non-diabetic nephropathy and heavy proteinuria who were treated with an ACE inhibitor plus an angiotensin receptor blocker that they did not respond sufficiently to such dual blockade. Addition of spironolactone (triple blockade) effectively lowered proteinuria without changes in blood pressure. In this observational series, spironolactone was more effective than addition of trichlormethiazide or furosemide.
Since progressive fibrosis is a key factor in progression of kidney damage, it is of interest that aldosterone has previously been shown to reduce progressive fibrosis at least in part by reducing oxidative stress and ANG II independent activation of NF-kappa-B [11, 12] .
Piecha et al. [36] have demonstrated a reversal of glomerulosclerosis by a very high dose of losartan (250 mg/kg body weight/day), and found no further advantage of combination with spironolactone, when a 4-week treatment was initiated 8 weeks after induction of renal fibrosis. The reversal of glomerulosclerosis was explained by the reduction of NFkB signalling and consequent elimination of TGF-beta upregulation and preservation of VEGF production. Our present study further investigated the involvement of double RAAS blockade in the SNX model and demonstrates that progression was better inhibited with combination therapy if initiated early after renal damage. In the background, we found a significantly better protection of podocyte number and damage by 12 weeks of continuous double treatment with pharmacological doses of RAAS inhibition initiated right after SNX versus monotherapies.
Although higher doses of quinapril compared with the usual pharmacologic application of the drug [37] , and slightly supra-pharmacologic (2-10× higher) doses of spironolactone (10 mg/kg /rat/ versus 1-5 mg/kg /human/ [38] ) were used in the present study, we did not observe any extra-RAAS effects by the applied doses. These doses applied in the present study were established in a dose adjustment pilot study. Even with much higher doses of quinapril (100 mg/kg), spironolactone (80 mg/kg) and combination, plasma potassium levels were normal (4-5 mmol/l) in all rats. However, high doses of spironolactone caused severe polyuria and dehydration of the rats.
Addition of mineralocorticoid receptor blockers to ACE inhibitors or ARB raises safety issues when used in renal patients. We emphasize that particularly because we had elected for a low dose of spironolactone and extended the observation period to 3 months. In the experiment of Greene [15] , the dose of spironolactone was 40-fold higher than in the present study, and no effect was seen after 4 weeks on the glomerulosclerosis index. Using sensitive morphometric methods, we could document significantly less mesenchymal matrix expansion even after low dose monotherapy with the mineralocorticoid receptor blocker.
We conclude that in the renal ablation model, the combination of mineralocorticoid receptor blockade on top of ACE inhibition casued a more pronounced decrease of albuminuria and podocyte damage as compared to the respective monotherapies or non-specific antihypertensive triple-therapy.
Our data document that in the renal ablation model, treatment with mineralocorticoid receptor blocker on top of ACE inhibitor caused blood pressure-independent reduction of glomerular damage, particularly podocyte abnormalities, as well as tubulointerstitial injury.
If the data can be translated to humans, these observations could provide a rationale to add spironolactone to the medication of patients with progressive renal disease who are unresponsive to or have escaped from RAS blockade. However, the safety of this procedure in humans requires further study.
Introduction
Tubulointerstitial injury is an important risk factor for progressive renal damage [1, 2] . It is reported that ischaemia, i.e. a decrease in tissue oxygen concentration caused by loss of peritubular capillaries (PTCs) and a decrease in blood flow in PTCs, is extensively involved in the pathogenesis of tubulointerstitial injury [3] [4] [5] . Therefore, the maintenance of blood flow in PTCs and the resultant improvement of tissue hypoxia may prevent progression of renal damage.
Calcium channel blockers (CCBs) are the most commonly used antihypertensive agents. Their renoprotective effects have been demonstrated in many studies using experimental models of renal damage, especially those of hypertensive renal damage [6] [7] [8] . Recent large-scale clinical studies, such as the Lipid-Lowering Treatment to Prevent Heart Attack Trial and international Nifedipine GITS study: Intervention as a Goal in Hypertension Treatment, have shown that long-acting dihydropyridine CCBs effectively suppress progression of renal damage [9, 10] . Several hypotheses have been proposed for the mechanism of such renoprotective effects of CCBs; one of these proposed mechanisms is the improvement of renal haemodynamics
